There is increasing interest in phytoecdysteroids (PEs) because of their potential role in plant defense against insects. To understand the mechanism regulating their levels in plants, the fluctuation, distribution, and biosynthesis of PE 20-hydroxyecdysone (20E) examined in Achyranthes japonica. The total amount of 20E per individual plant initially remained at a constant level, and increased markedly after the first leaf pair (LP) stage, while the concentration of 20E in a given plant decreased rapidly during vegetative growth. In addition, the incorporation of [2-
Ecdysteroids act as insect-molting hormones. They include ecdysone and its derivatives such as 20-hydroxyecdysone (20E) in arthropods and other invertebrates. 1, 2) Phytoecdysteroids (PEs), plant derived ecdysteroids, are a class of chemicals that plants synthesize for defense against herbivore insects. They are widely distributed in the plant kingdom. To date, more than 300 structurally different PEs have been isolated (http://ecdybase.org), and about 5-6% of 5,000 screened species have been identified as ecdysteroidcontaining plants. 3) High concentrations of PEs in plants are important to their survival from a fatal enemy. When herbivore insects eat the plants with these chemicals, they may prematurely molt, lose weight, or suffer another metabolic damage and die. [4] [5] [6] [7] Therefore, PEs are expected to have a defensive role in plants against herbivorous insects. The 20E is the major and the most common ecdysteroid in plants and the most abundant PE.
2) Nevertheless, the functional role and biosynthesis of ecdysteroids in plants are not fully understood. The PE biosynthetic pathway has been studied in several plant species such as Spinacia oleracea, Zea mays, Polypodium vulgare and Ajuga reptans var. atropurpurea. [8] [9] [10] [11] [12] [13] Plants, but not animals, synthesize phytoecdysteroids from mevalonic acid in the mevalonate pathway of the plant cell using acetyl-CoA as a precursor.
The fluctuation and distribution of PEs within a plant at different growth stages have been examined in some species such as Rhaponticum carthamoides, Lychnis chalcedonica, Taxus cuspidata, S. oleracea, A. reptans, Lamium album, L. purpureum, and Limnanthes alba. [14] [15] [16] [17] [18] [19] [20] These studies have reported a high accumulation of PEs in the tissues. In several studies, the fluctuation and distribution of PEs within a plant have been discussed in relation to its biosynthesis and transport. As for spinach, it was reported that the leaves subtending the site of accumulation synthesized PEs, and that these molecules were then transported to the apical leaves. 8) In a previous study, 21) we found that the ecdysteroid content in the seedling of A. japonica was lower when cultured under light conditions than under dark. Also, these ecdysone contents in the plant P. vulgare decreased under light. Methyl jasmonate, 6-benzylaminopurine, thidiazuron, and 2,4-dichlorophenoxyacetic acid, known as plant growth regulators, increased its content in the plants.
Here, we examined the distribution of 20E during its life cycle and the biosynthetic activities of 20E at different growth stages and in individual organs in A. japonica using a labeled precursor, MVA. Quantification of 20-hydroxyecdysone. Collected plant materials were dried at 55 C for 2 d. The dried samples were ground with a mortar and pestle, and samples (about 25 mg) were extracted 3 times for 3 h each with 1 ml of methanol at 55 C. 19, 22, 23) The extracts were mixed with 1.3 ml of water and partitioned 2 times with 2 ml of hexane. The aqueous methanol phases were dried at 55 C and dissolved in 2 ml of 10% 2-propanol. The 20E content of A. japonica was analyzed by HPLC. The HPLC equipment consisted of a Spectra System vacuum degasser, a P4000 pump, an AS1000 auto sampler with column oven, and UV6000LP Photo Diode Array detector (Phenomenex Inc., Torrance, CA). The extracts were separated on an ODS column (Phenomenex, 250 Â 4:6 mm ID, 5 ) using 10% 2-propanol containing 0.1% trifluoroactetic acid (TFA) as the mobile phase at a flow rate of 1.2 ml/min. 24, 25) Ultraviolet (UV) detection for measurement of 20E was set at 242 nm. The profiles of 20E in A. japonica were identified by comparison to the HPLC retention time and the UV absorption spectra of the reference compounds.
Materials and Methods

Chemicals
Liquid chromatography/mass spectrometry (LC/MS) analysis. LC/ MS analysis of PEs in A. japonica was performed using a Waters Micromass ZQ 4000 spectrometer (Milford, MA) coupled to a Waters 2690 separation module with an autosampler. The mass spectrometer was operated in positive ionization mode in both selected ion recording (SIR) and scan mode. SIRs were monitored at 481 m=z and 497 m=z, and the scan mode was set from 100 to 900 m=z. The voltage of the capillary and cone were 4 kV and 20 V, respectively. The temperature of the source and desolvation were set at 150 C and 400 C, respectively. The gas flow of the cone and desolvation were set at 30 l/h and 500 l/h, respectively. Chromatographic separation was achieved using an ODS column (Phenomenex, 250 Â 4:6 mm ID, 5 ) with 10% 2-propanol containing 0.1% TFA as the mobile phase at a flow rate of 0.5 ml/min.
Feeding and analysis of a radioisotope-labeled compound. The aerial parts of the plant were cut at four different leaf-pair stages, and individual organs at the early reproductive stage of seed-setting were used to analyze the incorporation of [2- 14 C]-MVA into 20E. To enable uptake of [2- 14 C]-MVA by transpiration, water containing 4 Ci was applied to each sample, and then the samples were incubated at room temperature for 48 h under 12 h light/12 h dark. After incubation, the samples collected were dried at 55 C for 2 d. The dried samples were ground and approximately 50 mg of sample was extracted 3 times, for 3 h each, with 1 ml of methanol at 55 C. The total count per minute (CPM) of the radiolabeled compound was measured using 5 ml of the methanol extracts. The methanol extracts were mixed with 1.3 ml of water and partitioned 2 times with 2 ml of hexane. The aqueous methanol phases were dried at 55 C and dissolved in 2 ml of 10% 2-propanol.
The resulting solutions were used for the 20E fractionation by a semi-preparative HPLC equipped with a Spectra System vacuum degasser, a P2000 pump, and an UV1000 detector (Phenomenex Inc., Torrance, CA). The column was a LUNA C18(2) column (Phenomenex, 250 Â 10 mm ID, 5 ), protected by a guard column (Phenomenex, 50 Â 10 mm ID, 5 ) of the same material. The column was eluted with 10% 2-propanol containing 0.1% TFA at a flow rate of 3.0 ml/min. To detect the target peak, the wavelength was set at 242 nm. The injection volume was 2 ml of extract in 10% 2-propanol (0.1% TFA), previously centrifuged at 5,000 rpm for 5 min. The target peak was fractionated manually, and the purity of fractions was checked by analytical HPLC, as described above.
To analyze the radiolabeled compounds, the 20E fractions were freeze-dried and dissolved in 1 ml of water. 100 ml of these solutions was mixed with 5 ml of cocktail (Ultim-FloÔ M, PerkinElmer, Boston, MA) in a scintillation vial. The remaining sample was used to check the purity of the fraction by analytical HPLC. The 14 C activity in the 20E peak fractions was counted with a liquid scintillation counter (Tri-Carb 2700TR, Packard, Meriden, CT). Each sample was counted for 10 min. All values of 14 C incorporation into 20E were measured by CPM followed by subtraction of the average background fluorescence of the mobile phase. The biotransformation ratio was calculated as the ratio of radiolabeled 20E activity to total radiolabeled compound activity in each sample.
Statistical analysis. Analysis of variance (ANOVA) was used to analyze the data, and the least significant difference (LSD) test was performed to compare the means when the analysis by ANOVA was significant (p < 0:05). All statistical analyses were conducted using SAS software (SAS System for Windows, Release 8.02).
Results
Profile and relative composition of phytoecdysteroids in A. japonica
To profile the phytoecdysteroids in A. japonica, the seed extracts were analyzed by high-performance liquid chromatography (HPLC) with polypodine B (PolB), 20E, and ecdysone (E) as reference standards (Fig. 1,  panel A) . As shown in Fig. 1B , two peaks, ‹ and ›, corresponding to PolB and 20E were observed, whereas no E peak was detected.
For the structural determination of these two compounds, the seed extracts were further analyzed by liquid chromatography/mass spectrometry (LC/MS). The molecular weights of the two compounds corresponding to PolB and 20E were 480 Da and 496 Da, respectively, as expected. The MS spectrum of peak › in Fig. 1B is exactly the same as 20E, as recorded in Ecdybase (Fig. 1,  panel C) . Two other compounds, peaks fi and fl in Fig. 1B , were assumed to be inokosterone isomers in view of NMR data (data not shown) and a recent report. 26) The composition of PEs was analyzed in mature seeds, germinated seedlings, and whole plants at the vegetative stage with the third leaf-pair, and the aerial parts and roots of adult plants at the reproductive stage with immature seeds (Table 1) . The two PEs, PolB and 20E, were found in seeds and in all the other tissues of the plant. The relative composition of each PE was calculated by the ratio of the peak area per sum of the two PE peaks. The molar extinction coefficients (") for PolB and 20E at 240-243 nm were 4.08-4.11 of log ", nearly identical to each other. There was very little variation in PE composition between plant tissues. The composition of PolB and 20E were in the ranges of 10-17% and 52-67%, respectively. The content changes of both compounds always maintained by a fixed proportion with 20E irrespective of a growth stage and a tissue part (Table 1) . Differently from both PEs, 20E was abundant in all plant tissues, and the PE compositions were nearly the same among the various tissue parts within the plant. Therefore, the concentration and the distribution of PEs related in the following sections were measured representatively as 20E.
Changes in 20E levels during vegetative growth
The concentration and the total amount of 20E measured at different vegetative growth stages to determine whether there were any dynamic changes in PE levels. Plant growth was divided into seven stages, seed in dormancy, germination developing cotyledons, first leaf-pair, second leaf-pair, third leaf-pair, fourth leaf-pair development, and late vegetative stage developing lateral branches. The seeds and whole plants were used for analysis, and then the average 20E concentrations were calculated based on dry weight (Fig. 2) .
The dormant seeds contained a considerable amount of 20E, at about 4,600 mg/g DW, but the 20E concentration decreased rapidly during the early growth stages. The 20E concentrations at germination and at the first leaf-pair stage decreased to 3,000 and 1,000 mg/g DW, respectively. In contrast to the early vegetative growth stages, the 20E concentration did not change significantly after this first stage. It remained at a level of 500 mg/g DW between the second leaf stage and the late vegetative stage (ANOVA, p < 0:0001).
Although the concentration of 20E in the plant appeared to fall rapidly during the early vegetative growth and to be stable thereafter, the total amount of 20E per individual plant was completely different. The amount of 20E at the seed stage, the germination stage, and the first pair and second pair of the leave stage were 21 mg/seed, 9, 12, and 19 mg/plant, respectively. There was no significant change in the content of 20E per plant until the second leaf-pair stage. After the early vegetative stage, while the concentration of 20E in a given plant was stable, the total amount of 20E in the individual plant increased with growth, resulting in a level of 294 mg/plant at late vegetative stage of growth (ANOVA, p < 0:0001).
Distribution of 20E within a plant
The distribution of 20E was analyzed within a plant at four different growth stages (germination, the middle and late vegetative stages, and the early reproductive stage), and the data are shown in Fig. 3 . At the germination stage, the highest concentration of 20E was found in the hypocotyls, at 9,045 mg/g DW. This was followed by the root and cotyledon (p ¼ 0:0215). However, this distribution pattern was significantly different at the middle and late vegetative growth stages. At the middle vegetative growth stage, the level of 20E was higher in both the root and apical bud than the other organs, at 1,366 and 1,533 mg/g DW, respectively. Moreover, the concentration in the youngest leaves was higher than other leaves, at 479 mg/g DW (p < 0:0001). But, in the case of the stem, the differences between the youngest stem and the other older ones (S1 and S2) were not statistically significant, although the concentration in the youngest stem was higher than older one (S3) with 660 mg/g DW (p < 0:0001). At the late vegetative growth stage, the highest concentration of 20E was present in the youngest stem, at 1,154 mg/g DW, and similar levels were observed in both the root and the apical bud. An increasing concentration gradient from oldest to youngest was found in the leaves and stems, which contained 20E in ranges of 19-410 and 373-1154 mg/g DW, respectively (p < 0:0001). In Fig. 3 (IV) the 20E distribution within a plant at the early reproductive stage is shown as data obtained from a single plant to avoid variations from individual plants in different micro-environments. The 20E level in the root was relatively high, at a concentration of 1,619 mg/g DW. The 20E concentration in the leaves was very low (124-186 mg/g DW) in comparison with the root. The variation in the 20E concentration was very small within the leaves in spite of differences in age, except in the case of yellow senescent leaves near the root. In stems, the 20E levels were relatively high, in a range of 909-3,992 mg/g DW. A distinct feature was the obvious concentration gradient of 20E within the stem. The upper part showed a higher concentration along the stem. The stem next to the root had a 20E concentration of 996 mg/g DW. The concentration gradually increased by the position in stem and eventually reached by 3,992 mg/g DW, at the region adjacent to the flower. Of the four parts, roots, leaves, stem, and spike, the highest concentration of 20E was observed in the spike. The 20E concentration was especially high in the seed-removed peduncles of the spike, at 6,415 mg/g DW. The 20E level in the seed was 1,812 mg/g DW, low in comparison to the peduncle at this immature stage. To confirm the transport of 20E in a given plant, we measured 20E and E in the aerial parts of the plant when a root-removed plant of A. japonica was dipped in a solution containing 20E or E (Fig. 4) . The 20E concentration in the aerial part increased fourfold within 48 h of 20E treatment, whereas the change in the E concentration was trivial.
Biotransformation of MVA into 20E at different growth stages and in different organs
The biosynthetic capability of 20E in the aerial parts of the plant was analyzed at germination and during first, second, and third leaf-pair stages using [2- 14 C]-MVA, and the results are shown in Table 2 . The radioactivity of the crude extracts and the 20E fraction was measured in all the aerial parts of the plants at different growth stages. The total radioactivities in the crude extract of the aerial parts at germination and the first, second, and third leaf-pair stages were 23:6 Â 10 3 , 25:3 Â 10 3 , 20:2 Â 10 3 , and 15:4 Â 10 3 cpm/mg DW, respectively, and their activities in the 20E fractions were 20.2, 33.7, 40.1, and 36.9 cpm/mg DW, respectively. The biotransformation ratio ranged from 0.11 to 0.24%. However, there was no meaningful difference in MVA incorporation into 20E among the various plant growth stages (p ¼ 0:0667). In contrast to the constant biotransformation ratio, the concentration of 20E showed statistically significant differences among the plant growth stages (p < 0:0001). The concentrations of 20E in the aerial parts of the plants at germination and the first, second, and third leaf-pair stages were 2930, 1700, 520, and 240 mg/g DW, respectively. These data indicate that biosynthesis of 20E occurs in the aerial parts of a plant at each growth stage, although the concentration of 20E sharply decreases with growth.
Discussion
The results of HPLC and LC/MS analysis indicate that the major component of PEs in A. japonica was 20E, comprising over 50%. The composition of PEs in this analysis was relatively simple. The relative amounts of PEs did not change significantly during plant development, and the profiles for the various plant organs were very similar. The simple and stable PE profile of A. japonica provided a great advantage to study the mechanism controlling plant PE levels. Henceforth, we focused on 20E as a representative PE.
During vegetative growth, the concentration of 20E in the whole plant rapidly decreased from the seed to the second leaf-pair stage, but the amount was kept at a low level during the late vegetative stage. This result is consistent with a previous report on L. alba. 20) In contrast to the concentration, the total amount of 20E per plant was maintained at the initial level of the seed during early vegetative growth, and thereafter increased. The increase in 20E at the late stages was proportional to the increase in plant biomass (data not shown). The increase in total 20E levels per plant after the second leaf-pair stage was consistent with the results reported in S. olerace. The level of PE per plant increased with age after 20 d of development. 17) Under a dynamic state, the concentration of a substance in a biological system is determined not only by the difference between production by synthesis and reduction from turnover, but also by total biomass or volume. Therefore, the rapid decrease in 20E levels in A. japonica during the early vegetative stage indicates that 20E turnover and/or biomass increase was dominant over biosynthesis at this stage. In this case, the decrease in the 20E concentration appears to have resulted mainly from the increase in biomass, because the turnover rate of 20E is known to be very low. 27) Unlike the concentration, the total amount of a substance in an individual plant is determined only by the net difference between production by synthesis and reduction from turnover. Thus, the increase in the 20E content during the late vegetative stages after the second leaf-pair reflects that net biosynthesis of 20E still occurred in spite of the steady state of the concentration.
To obtain direct evidence for the biosynthesis of PEs in A. japonica, the incorporation of [2- 14 C]-MVA, a well-known precursor of PEs, into 20E was examined. The biotransformation of MVA into 20E was observed at all stages, from germination to the third leaf-pair stage, although the conversion ratios were relatively low. This indicates that A. japonica synthesized 20E not only at germination but also at the late developmental stages. In addition to confirming the 20E biosynthesis in the feeding experiments with [2- 14 C]-MVA, we focused on identifying a specific stage when the biosynthesis of 20E was most active during plant development. The activity of biosynthesis can be estimated from the biotransformation ratio of MVA into 20E at each stage. The estimated 20E biosynthesis appeared to increase a little from germination to the later growth stages. However, statistical analysis showed that there is no significant difference within the tested growth stages (Table 2 ). This indicates that the biosynthesis of 20E is not development stage-specific, and is constant throughout all developmental stages. This non-development stage-specificity in the 20E biosynthesis is unexpected, because the biosynthetic activities of many other defensive secondary metabolites vary according to plant growth stage.
The other interest of this study was to identify the specific organ of A. japonica that synthesizes PEs, because the exact site of their biosynthesis in this plant has not yet been determined. The distribution of 20E in A. japonica is known to be much higher in the root and apical part than the stem and leaf, except during the cotyledonal stage. It is known that PEs in spinach are continuously redistributed to the aerial parts and accumulated to the highest concentration in the aerial and root tips. 13, 17) Labeling experiments with the excised leaves and the plants, lacking source or sink organs of spinach, have provided the interesting information: i) Old leaf set is the biosynthetic source. ii) Young leaf set is the accumulative sink. iii) Young leaf possess several active enzymes involved in the late biosynthetic step, although they do not perform the whole metabolic pathway. 8, 13) In view of these reports, it was expected that the leaves of A. japonica at the reproductive stage synthesize 20E, and these compound are continuously redistributed in the aerial parts and accumulated to the highest concentration in both the spike and the flower. However, the results obtained from the incorporation study with [2-14 C]-MVA contradict this idea. The biosynthetic activities were assessed in all organs of A. japonica. The activities of the leaves and stem were slightly higher than that of the apical parts and roots, even though statistical analysis revealed that there was no significant difference in the biotransformation rate among the four organs. This indicates that PEs are synthesized not only in the reproductive organs but also from the vegetative organs, including the root, leaf, and stem. Therefore, the biosynthesis of PEs appears not to be organ-specific. This indicates that the source organ might be different among ecdysteroid-containing plants, although the sink organ is similar because a high concentration of PEs accumulates in the most important organs for the survival of the present and the next generation. This feature is very surprising, because many other plant hormones and secondary defensive metabolites show organ-specificity in their biosynthesis.
When a root-removed plant of A. japonica was dipped in a solution containing 20E, the level of 20E in the aerial part increased by approximately 4-fold within 48 h (Fig. 4) , indicating the rapid movement of 20E in the plants. Similarly, translocation of PEs from the subtending to the apical leaves was demonstrated in spinach. 8) All of these data confirm the source-sink partitioning mechanism. Therefore, the PE level in a plant organ appears to be controlled not by regulation of de novo biosynthesis but by redistribution through a source-sink partitioning after synthesis.
To play a significant role in defense, PEs must accumulate sufficiently to be effective at the appropriate time and place. The data obtained here indicate that the organs required for the survival of the current and the next generation contained a high content of 20E, on the order of 1,000 mg/g DW. This level was expected to be sufficient because 20E in insects is known to be present at about 10 mg/g DW. [28] [29] [30] The high level of PEs in these vital plant organs, requiring intensive protection, is well-documented in previous reports. 2, 17, 20, 31) Thus, many of the plants containing PEs appear to be able to accumulate PEs in organs at high levels for protection against non-adapted insects. This high accumulation of PEs in a specific organ of a plant can be explained by the source-sink partitioning mechanism proposed here. However, the precise mechanism underlying the sourcesink partitioning of PEs between plant organs and the efficiency of the regulatory system in plant species remain to be investigated in further studies.
